Epstein-Barr virus (EBV) is a widespread herpesvirus, found in more than 90% of healthy adults and persisting, in the vast majority of individuals, as a lifelong and asymptomatic infection. EBV classically infects B cells, causing sometimes a benign disease (infectious mononucleosis) but also malignant disorders, such as B-lymphoproliferative diseases, in patients with severe immunodeficiency. In immunocompetent hosts, EBV is also associated with other malignancies, including Burkitt's lymphoma, nasopharyngeal carcinoma, Hodgkin's disease, peripheral or nasal NK/T-cell lymphomas, and gastric, breast, and hepatocellular adenocarcinomas (46, 50) . In all EBV-associated tumors, the virus displays mainly a latency program of infection with a restricted pattern of gene expression, which can be classified in three types. Type I latency, during which only the EBV-encoded nuclear antigen 1 (EBNA1) is expressed, is found in Burkitt's lymphoma. Type II latency is characterized by coexpression of EBNA1 and latent membrane proteins LMP1, LMP2A, and LMP2B and is found in nasopharyngeal carcinoma, Hodgkin's disease, NK/T-cell lymphomas, and AIDS-related non-Hodgkin's lymphomas. Type III latency with expression of the five EBNAs and three latent membrane proteins is restricted to B lymphomas of immunodeficient patients (50) .
Cellular models allowing investigation of the roles of LMP1 during type II and type III latencies have been developed. In vitro, EBV can infect and immortalize resting B cells to yield permanent growth of lymphoblastoid cell lines (LCLs) displaying a full latency III program (27) . We previously showed that EBV can also infect and transform T cells and monocytes. We have described and extensively characterized two cell lines (TE1 and NC5) in which EBV was found to express a type II latency (20, 39, 40) . Moreover, as already shown by others studying LCLs (27) , we have demonstrated by two different approaches (i.e., antisense oligonucleotides and our original dominant-negative mutant, LMP1-CT) that LMP1 is essential for proliferation and survival of both of our EBV-transformed models of type II latency (2, 39) . Owing to this essential role in EBV-dependent oncogenesis and since it can transform rodent fibroblasts (61) and sensitizes transgenic mice to lymphomas (31) , LMP1 is considered the main EBV oncogene.
LMP1 is a 63-kDa plasma membrane protein with six transmembrane segments, which mimics a constitutively activated cell surface receptor of the tumor necrosis factor superfamily (29) . Two signaling domains mediating its signaling properties have been identified in the cytoplasmic C-terminal region of LMP1. These domains named TES1 (for transforming effector site 1) or TES2 contain critical residues responsible for the binding of adapters and thus, for inducing several specific signal transduction pathways (24, 25, 28, 37) . The nuclear factor B (NF-B) and c-Jun N-terminal kinase (JNK) signaling pathways are the most important, since their activation results in the overexpression of most LMP1 target genes (37) . These genes include those encoding for antiapoptotic proteins (Bfl1, Mcl1, TRAF1, etc.) (10, 12) , various cell surface markers (CD83, CD44, etc.) (13, 62) , cellular receptors (CD40, epidermal growth factor receptor, etc.), and intercellular adhesion molecules (ICAM1, LFA1, etc.) (10, 62) .
Since LMP1 is the main EBV oncogene, regulation of its expression in EBV-associated cancer cells is an important issue. Transcription of the LMP1 gene can be initiated from two promoters in the viral genome. pLMP1 (also named ED-L1) is the proximal promoter, while TR-L1 is the distal one located in the terminal repeats (7, 23, 51) . Both viral and cellular factors regulate the activities of the LMP1 promoters during EBV latency. LMP1 regulation driven by EBNA2 is the best described, but it occurs only in latency III-expressing cells such as LCLs. EBNA2-dependent transactivation involves only pLMP1 (63) and needs cellular transcription factors, such as RBP-J (60), PU.1 (26) , and ATF2/c-Jun (53) . This transactivation is further enhanced by two other latent proteins, EBNA-LP and EBNA3C (45, 67) . Alternatively, pLMP1 can be activated in an EBNA2-independent manner by several cellular proteins, including interferon regulatory factor 7 (IRF7) (42) , STAT3 (7), Notch1 (22) , Sp1 (34) , USF, ATF1, and CREB1 (53) . pLMP1 activity can also be inhibited by a Max-Mad1 and histone deacetylase (HDAC) complex (54) . By contrast with pLMP1, TR-L1 activation does not require EBNA2 but could be due to action of cellular Sp1/Sp3 (57) or STAT3 (7) transcription factors. Importantly, some of the regulation mechanisms are cell type specific, as exemplified by the lack of pLMP1 transactivation by EBNA2 in epithelial cells (17, 63) .
Surprisingly, among all these regulation mechanisms of LMP1 expression, only the EBNA2-dependent one has been shown to be absolutely essential for LMP1 expression. Thus, since EBNA2 is expressed only during the type III latency program of EBV (50), the driving process leading to expression of the LMP1 oncogene in type II latency remains elusive. However, it is important to understand this type of latency program, since it is commonly found in most EBV-associated malignancies. In regard to its strong transactivation abilities mediated by several signaling pathways, we decided to investigate whether LMP1 itself can induce its own expression and what roles the JNK and NF-B signaling pathways might have in this scenario.
MATERIALS AND METHODS
Cell lines, culture conditions, and drug treatments. HEK 293 (a human embryonic kidney cell line) was grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM glutamine, penicillin, and streptomycin. PRI (a lymphoblastoid cell line) (41) and TE1 (a monocytic cell line) (39) are both transformed by EBV and were propagated in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 1 mM sodium pyruvate, 1% nonessential amino acids, penicillin, streptomycin, and gentamicin. All cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 .
Where indicated, cells were treated with sulfasalazine (5-[4-(2-pyridylsulfamoyl)phenylazo]salicylic acid) (Sigma) or SP600125 (1,9-pyrazoloanthrone) (Calbiochem) for 16 h. They were both reconstituted in dimethyl sulfoxide (DMSO) (Sigma).
Stable cell clones were cultured in the presence of hygromycin (Euromedex) at 150 g/ml and 20% fetal calf serum. Twenty million PRI cells were electroporated with 20 g of pRT1-IBm or pRT1-LMP1-CT at 250 V and 960 F (5, 33, 41). Following the manufacturer's instructions (Amaxa Biosystems), one million TE1 cells were nucleofected with 1 g of pRT1-LMP1-CT in Amaxa's solution V with the V-01 setting of an Amaxa Nucleofector (Amaxa Biosystems). After 4 days, hygromycin was added at 50 g/ml. Hygromycin concentration was progressively increased up to 150 g/ml during the first 2 weeks of selection. After 4 weeks of culture in the presence of hygromycin, induction was performed with doxycycline: cells were washed once in RPMI 1640 medium and resuspended in standard medium without hygromycin, and doxycycline (Sigma) was then added at 2 g/ml.
Plasmids and antibodies. pSVHA, pSVHA-LMP1, pSVHA-LMP1-TM, and LMP1-CT constructs were all previously described (2) . pSVHA-LMP1-Tes1mut and pSVHA-LMP1-Tes2mut mutants were generated by site-directed mutagenesis; codons 204 to 208 in TES1 were mutated from PXQXT to AXAXA, and the codons 384 to 386 YYD in TES2 were deleted. All constructs were sequenced to confirm that they contained the desired mutation. The JNK APF and MKK7-JNK fus (36) expression vectors were a generous gift of R. J. Davis. The IBm and p65 expression plasmids were a generous gift of J. Hiscott. The reporter plasmids used in this study carry the firefly luciferase under the control of different regulating sequences. The pLMP-luc construct was obtained by inserting the pLMP1 sequence into the enhancer-and promoter-less vector pGL2-basic (Promega). pLMP1 is defined as nucleotides 169479 to 169841 of the EBV B95-8 sequence, which corresponds to positions Ϫ326 to ϩ37 relative to the transcription initiation site. The B luciferase reporter construct has five NF-B-responsive elements in tandem and was from Stratagene. The gal4-luc and Gal4-Jun vectors were a generous gift of B. Derijard and M. Ptashne. The normalizing vector pRLnull has no promoter sequences to drive expression of the Renilla luciferase gene and was from Promega. The pRT1-IBm and pRT1-LMP1-CT vectors carry a doxycycline-inducible version of IBm or LMP1-CT, respectively (5, 33, 41) . Plasmids were purified by use of Nucleobond-EF kits (MachereyNagel) according to the manufacturer's instructions.
The anti-LMP1 monoclonal antibody was obtained from the S12 hybridoma culture supernatant. Anti-EBNA2 (PE2) monoclonal antibody was purchased from Dako, anti-JNK1 (sc-474), anti-p65 (sc-109-G), anti-IB␣ (sc-1643), anti-TRAF1 (sc-875), anti-ICAM1 (sc-8439), and anti-␤-actin (sc-8432) antibodies were obtained from Santa Cruz, and anti-hemagglutinin (anti-HA) antibody (MMS-101P) was purchased from Covance Research Products.
Transfections and luciferase assays. For transient-expression experiments in epithelial cells, cells were seeded in 12-well plates and were cotransfected using polyethylenimine reagent (ExGen 500; Euromedex) in OptiMEM (Gibco) the following day. Routinely, 80-ng amounts of reporter constructs were cotransfected with 10 ng of the normalizing vector (pRLnull) and the indicated amounts of the effector plasmids. Cells were incubated with reagents for 5 h at 37°C, and then the medium was replaced by fresh culture medium with serum for 48 h.
To measure the reporter activity, cells were harvested 48 h after transfections, with passive lysis buffer (Promega) after washing with 1ϫ phosphate-buffered saline (PBS). Luciferase assay was performed using a Dual Luciferase assay system (Promega) according to the manufacturer's instructions, and firefly and Renilla luciferase activities were measured with a Lumat LB 9507 (Berthold). In all experiments, the ratio of firefly luciferase activity to Renilla luciferase activity was calculated for each condition, and the changes in induction when empty vectors were used is shown. Three replicate samples were used in each experiment, and standard deviations (SD) are shown. Each experiment was repeated at least twice with independent plasmid preparations to assess reproducibility, and representative results are shown.
TE1 cells were transiently transfected by nucleofection in buffer V (Amaxa Biosystems) with an Amaxa Nucleofector (Amaxa Biosystems) according to the manufacturer's instructions. Five million cells were resuspended in 100 l of buffer V, 2 g of plasmid was added, and the cells were pulsed with the Nucleofector set at V-01. After the cells were transfected, they were immediately transferred in 2 ml of fresh culture medium at 37°C in a 12-well plate for 40 h.
Western blot analysis. For control Western blots from transactivation experiments, protein concentrations of lysates from luciferase assays were determined by a bicinchoninic acid assay (Pierce). One microgram of protein was used for detection of LMP1. For all the other Western blots, viable cells were counted by using the trypan blue method. After two washes in cold PBS, total protein extracts were obtained by direct lysis of equal amounts of viable cells in 3ϫ Laemmli buffer boiled at 95°C for 5 min. Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrotransferred to Immobilon-P membranes (Millipore). Membranes were blocked with 0.2% casein in PBS containing 0.1% Tween before incubation with specific antibodies. The specific primary antibodies were applied at dilutions of 1:4 for S12 hybridoma culture supernatant, 1:500 for anti-EBNA2, anti-JNK1, anti-p65, anti-IB␣, anti-TRAF1, anti-ICAM1, and anti-␤-actin, and 1:2,500 for anti-HA. RNA extraction, reverse transcription, and real-time PCR quantification. Following the manufacturer's instructions, total RNA was collected using TRIzol reagent (Invitrogen) and cDNA was made using a SuperScript II reverse transcriptase (RT) kit (Invitrogen). The specific primers for LMP1 used were sense (5Ј-AGCCCTCCTTGTCCTCTATTCCTT-3Ј) and antisense (5Ј-ACCAAGTCG CCAGAGAATCTCCAA-3Ј). For housekeeping genes, the primers were as follows: ␤-actin sense (5Ј-GGGTCAGAAGGATTCCTATG-3Ј) and antisense (5Ј-GGTCT CAAACATGATCTGGG-3Ј), glyceraldehyde-3-phosphate dehydrogenase sense (5Ј-CCATCAATGACCCCTTCATTG-3Ј) and antisense (5Ј-CTTGACGGTGCC ATGGAATT-3Ј), and hypoxanthine phosphoribosyltransferase sense (5Ј-CCCTG GCGTCGTGATTAG-3Ј) and antisense (5Ј-ATGGCCTCCCATCTCCTT-3Ј). The cDNA was amplified using the FastStart DNA Master SYBR green I kit (Roche) according to the manufacturer's instructions. Fifty cycles (1 cycle consisting of 5 s at 95°C, 5 s at 64°C, and 13 s at 72°C) were performed in a LightCycler (Roche) thermocycler. In each case, LMP1 and the three housekeeping genes were detected simultaneously and under the same conditions. A melting curve analysis was performed to verify the specificity of the products and the cycle threshold (C T ) value was obtained for each gene in each condition. The values for the relative quantification of LMP1 mRNA levels are calculated by the ⌬⌬C T method. In each experimental condition, the mean value of the C T values for the three housekeeping genes is calculated and then subtracted from the C T value of the LMP1 gene. The ⌬C T value for the control condition (DMSO or no doxycycline) is subtracted from the ⌬C T value of the corresponding treated condition (⌬⌬C T ). The relative LMP1 mRNA levels in the different conditions are then calculated as follows: 2
Ϫ⌬⌬CT (38) . Data are shown with the value of the control condition arbitrarily set at 100.
RESULTS

LMP1 activates its own promoter through its TES2 domain.
To determine whether LMP1 activates its own expression, we performed transient-transfection assays in HEK 293 human epithelial cells, using the reporter plasmid pLMP-luc, carrying the luciferase coding sequence under the control of the proximal LMP1 promoter (pLMP1; Ϫ326 to ϩ37), and a mammalian expression vector for LMP1 (pSVHA-LMP1).
HEK 293 cells were cotransfected with increasing amounts of expression vector together with the pLMP-luc reporter. In cells transfected with LMP1, the LMP1 promoter activity was increased in a dose-dependent manner and reached up to more than fourfold compared with that produced by the empty vector alone (Fig. 1A) . Western blot analysis performed with an anti-LMP1 antibody (S12) confirmed an appropriate dose-dependent expression of exogenous LMP1 in this experiment (Fig. 1B) . Similar results were obtained with other cell lines (data not shown), indicating that LMP1 transactivates its own promoter in a non-cell-specific manner.
To map the region of LMP1 protein that mediates activation of LMP1 promoter activity, LMP1 mutants were generated and cotransfected together with the luciferase reporter construct pLMP-luc in HEK 293 cells. The LMP1 mutants used in this study were LMP1-TM in which all the cytoplasmic carboxy-terminal region is deleted and LMP1-Tes1mut and LMP1-Tes2mut that carry mutations in critical residues in either TES1 (the PXQXT motif transformed in AXAXA) or TES2 (the last three amino acids were deleted), respectively. All these LMP1 constructs are N-terminally tagged with an HA epitope and are schematically depicted in Fig. 2A . They were separately transfected into HEK 293 cells and were found to be expressed at their expected size by Western blot analysis performed with an anti-HA antibody (Fig. 2B) .
As expected from a mutant lacking the entire signaling region, LMP1-TM was completely inactive in inducing LMP1 promoter activity. More interestingly, LMP1-Tes2mut was also severely impaired in its transactivating properties of the LMP1 promoter. By contrast, LMP1-Tes1mut displayed transactivating properties similar to that obtained with wild-type LMP1 (Fig. 2C ). These results indicate that LMP1 induces its own expression through at least one signaling pathway emerging from its TES2 domain. LMP1 activates its own promoter via the JNK signaling pathway. Various reports demonstrated that JNK is the sole signaling pathway emerging specifically from TES2 in HEK 293 cells (15, 28) . We thus investigated whether this pathway is implicated in pLMP1 transactivation by LMP1. For this purpose, we transiently cotransfected in HEK 293 cell-specific dominant-negative or constitutively activated forms of the c-Jun N-terminal kinase together with pSVHA-LMP1 and pLMP-luc.
JNK is a mitogen-activated protein kinase (MAPK) activated by dual phosphorylation within the activation loop on the motif Thr-Pro-Tyr by MAPK-kinases (MAPKK or MKK) (9) . To inhibit JNK, we decided to use a nonactivable form of the kinase, called JNK APF , in which both key amino acids of the activation loop, threonine and tyrosine, were replaced by alanine and phenylalanine, respectively. As shown in Fig. 3B , overexpression of this dominant-negative form of JNK severely impaired the induction of a JNK-dependent reporter construct (Gal4-Jun/gal4-luc) by LMP1. The cotransfection assay with the pLMP-luc reporter construct showed that this JNK inhibition also prevented the upregulation of pLMP1 by LMP1 (Fig.  3A) . For a control, we showed by Western blotting that cotransfection of exogenous LMP1 and JNK APF led to only a slight increase in their levels of expression, showing that this inhibition was not due to a nonspecific decreased expression of LMP1 induced by JNK APF (Fig. 3A) . Overexpression of JNK is not sufficient per se to specifically induce the JNK signaling pathway. For this purpose, Lei et al. have fused MKK7 (one of the JNK-activating upstream kinases) with JNK, resulting in constitutively activated JNK (36) . As shown in a transient-transfection assay in HEK 293 cells (Fig. 3D) , this fusion protein, called MKK7-JNK fus , properly activated AP1-luc, a reporter construct responding to the JNK signaling pathway. Then, to confirm the pLMP1 inducibility by JNK, we transiently cotransfected pLMP-luc with MKK7-JNK fus in the presence or absence of LMP1. The enforced activation of the JNK signaling pathway by means of the MKK7-JNK fusion protein, either alone or together with LMP1, upregulated the pLMP1 activity (Fig. 3C ). Since no cross talk between MKK7-JNK fusion protein and endogenous JNK was found (36) , the rather additive effects of LMP1 and MKK7-JNK fusion protein on pLMP1 are not surprising. We also verified by Western blot analysis that LMP1 expression was not affected by JNK activation, whereas LMP1 coexpression only slightly downregulated MKK7-JNK expression (Fig. 3C) .
LMP1 inhibits its promoter through the NF-B signaling pathway. We next wanted to investigate whether the NF-B signaling pathway is also implicated in the regulation of the pLMP1 promoter by LMP1. In noninduced conditions, NF-B exists in a cytoplasmic complex with an inhibitor protein, IB␣ (59) . The activation of NF-B mainly occurs via IB kinase (IKK)-mediated phosphorylation of IB␣ at serines 32 and 36 (56, 59 ). This phosphorylation targets IB␣ for ubiquitination and proteasome-mediated degradation, thereby releasing NF-B to enter the nucleus and activate several genes (59) . We chose to specifically inhibit NF-B complexes by transfection of a constitutively active IB␣ mutated on serines 32 and 36 (IBm). For a control, we monitored NF-B activation by LMP1 and the inhibitory abilities of IBm. For this purpose, we used a NF-B-dependent reporter construct (B-luc). As shown in Fig. 4B , LMP1-induced B transcriptional activity was efficiently inhibited when cells were cotransfected with the IBm construct. Then, we transiently cotransfected pLMP-luc with IBm in the presence or absence of LMP1. In the presence of LMP1, the upregulated pLMP1 activity was remarkably enhanced (more than threefold) by the cotransfected IBm (Fig. 4A ). This enhancement of pLMP1 activation was not due to an increased LMP1 expression in transfected HEK 293 cells, since LMP1 expression was slightly reduced when cotransfected with IBm. Conversely, IBm expression was slightly enhanced by LMP1 coexpression (Fig. 4A , Western blots). pLMP1 activity was also enhanced (more than twofold) by expression of IBm in the absence of LMP1 protein (Fig.  4A, gray bars) . The result indicated that a molecule in the NF-B signaling pathway might play a role in regulating the basal pLMP1 activity. We next investigated the effect of enforced NF-B activation on pLMP1 activity. To artificially activate NF-B, we transiently overexpressed p65, the main transactivator within the Rel-NF-B family, in HEK 293 cells. As expected, transfection of a construct coding for p65 markedly increased activity of the B-luc reporter (Fig. 4D) . By contrast, we observed a ca. 50% decrease in the pLMP1 basal activity when p65 was overexpressed (Fig. 4C, gray bars) . This inhibitory effect on the LMP1 promoter was further confirmed in LMP1-induced conditions. Indeed, when coexpressed with p65, LMP1 protein was impaired in pLMP1 transactivation (Fig. 4C) . As assessed by Western blotting, neither LMP1 nor p65 expression yields were affected by cotransfection (Fig. 4C) . These results indicate that inhibition was not due to a side effect on expression of the exogenous LMP1 protein.
Opposite effects of JNK and NF-B signaling pathways on endogenous LMP1 expression in EBV-infected cells displaying type II or type III latency. The experiments described above clearly show a positive and negative influence of JNK and NF-B transduction pathways, respectively, on the LMP1 promoter activity. To determine whether the expression of LMP1 from the endogenous EBV genome was affected by these pathways, we used the LCL PRI (type III latency) (41) and the TE1 cell line (type II latency) that we previously characterized (39) . Both cell lines have been shown to be dependent on LMP1 for their survival and proliferation (27, 39) . These cell lines were treated with pharmacological inhibitors hitting either the NF-B (sulfasalazine) or the JNK (SP600125) pathway. Sulfasalazine and SP600125 inhibit their target pathway by blocking kinase activity of IKKs and JNK, respectively (4, 64) . Expression of LMP1 in cells was assessed by immunoblotting. Whatever the cell line tested, LMP1 protein levels were increased when sulfasalazine was used (or BAY11-7082, another NF-B inhibitor; data not shown) and decreased when SP600125 was used (Fig. 5A and B, top row) . The same membranes were also probed with an anti-␤-actin antibody to dem- onstrate equal loading ( Fig. 5A and B, bottom row). Another control was to ensure that these compounds were efficient in inhibiting their corresponding pathways in the cell lines tested. We showed that the NF-B target IB␣ and the JNK target c-Jun were properly downregulated by treatment with inhibitors of their respective pathways (Fig. 5A , second row, and data not shown). In addition, since the viral EBNA2 protein is the best characterized transactivator of the LMP1 promoter, we monitored its expression by Western blot analysis. Figure  5A and B show that neither sulfasalazine nor SP600125 significantly changed the EBNA2 expression in PRI cells. In TE1 cells, EBNA2 was not expressed under normal or treated conditions ( Fig. 5A and B) . Thus, an increase in LMP1 expression after treatment of these cells with sulfasalazine was not a consequence of EBNA2 reexpression. The transactivating effects of LMP1 on its own promoter shown in transient-expression assays suggested that modulation of LMP1 protein expression could be a consequence of transcriptional regulation. To ascertain this point, we analyzed LMP1 mRNA levels in treated PRI cells by using real-time quantitative RT-PCR. Figure 5C shows that, in agreement with their action on protein levels, the JNK inhibitor hampered LMP1 mRNA accumulation (ca. 50%), whereas the NF-B inhibitor increased it (up to 12-fold). We decided to confirm the effect of sulfasalazine on LMP1 mRNA with another approach to inhibit NF-B in these cells. PRI-pRT1-IBm is a previously characterized PRI cell line carrying a doxycyclineinducible version of the NF-B inhibitory molecule IBm (41). When we induced IBm by doxycycline in this cell line, we clearly detected an increase of LMP1 proteins (data not shown) and transcripts correlating with a strong decrease in expression of two NF-B target genes (ICAM1 and TRAF1) and no change in EBNA2 expression (Fig. 5D ). This confirms that NF-B-induced repression of LMP1 occurred at the mRNA level.
Altogether, these results show that, whatever the status of EBNA2 expression in a latently EBV-infected cell, the NF-B and JNK signaling pathways can decrease or increase, respectively, the endogenous expression of LMP1 mRNA and proteins. 
VOL. 80, 2006 LMP1 AUTOACTIVATION DURING TYPE II LATENCY 7387
Endogenous LMP1 expression is mainly due to LMP1 signaling in EBV-infected cells expressing a type II latency. Although LMP1 is supposed to be the major inducer of NF-B and JNK pathways in EBV-infected cells, contribution of some LMP1-independent signals to this induction cannot be excluded. Moreover, LMP1 can activate other signaling pathways in addition to NF-B and JNK. In a previous study, we have demonstrated that a construct containing the cytoplasmic Cterminal tail of LMP1 fused to green fluorescent protein (LMP1-CT) could selectively impair the LMP1-induced signaling pathways by hampering the binding of critical adapters to LMP1 (2) . Then, to determine the influence of pathways specifically induced by LMP1 on its own promoter regulation, we inhibited the LMP1-dependent signaling by expressing this dominant-negative version of LMP1 in EBV-infected cell lines and measured LMP1 expression.
We transiently transfected LMP1-CT or the corresponding empty vector in TE1 cells. LMP1 expression, monitored by immunoblotting, was greatly diminished by LMP1-CT in these type II latency-expressing cells (Fig. 6A) , confirming the autoactivation loop already shown through transactivation assays in HEK 293 cells. We also developed stably transfected PRI cells with an episomal expression vector (pRT1-LMP1-CT) allowing a doxycycline-dependent expression of LMP1-CT (5, 33) . In these PRI-pRT1-LMP1-CT cells, induction of LMP1-CT also led to a significant decrease of LMP1 expression (Fig. 6B) . However, this decrease seems weaker than that obtained by LMP1-CT induction in TE1 cells (compare Fig. 6A and B) . To measure LMP1 mRNA levels by real-time quantitative RT-PCR in TE1 cells, we established stably transfected TE1 cells with the episomal expression vector pRT1-LMP1-CT. In these TE1-pRT1-LMP1-CT cells, doxycycline highly induces expression of LMP1-CT (Fig. 6C, graph in insert) . Thus, we verified that the reduced expression of endogenous LMP1 protein in TE1 and PRI cells was mainly due to a LMP1-CT-induced decrease in the LMP1 mRNA pool (Fig. 6C and D) . This decrease was almost total in TE1 cells, since the level of LMP1 mRNA was below the detection threshold of the real-time (C) Sulfasalazine increases, whereas SP600125 decreases the LMP1 mRNA levels in PRI cells. PRI cells were treated with either vehicle (DMSO) or sulfasalazine (5 mM) or SP600125 (20 M) for 16 h. Cells were then harvested, and mRNAs were extracted and subjected to real-time RT-PCR as described in Materials and Methods. LMP1 mRNA levels were normalized to the mRNA levels of three housekeeping genes (␤-actin, glyceraldehyde-3-phosphate dehydrogenase, and hypoxanthine phosphoribosyltransferase), and the normalized levels in the untreated condition were arbitrarily assigned a value of 100. (D) The constitutively active form of IB␣ inhibits NF-B target genes and increases the levels of LMP1 transcripts in PRI cells. Where indicated, the PRI-pRT1-IBm stable cell line were treated with doxycycline (2 g/ml) (ϩ Dox) to induce the expression of IBm. After induction for 24 h, the relative LMP1 mRNA levels were quantified by real-time RT-PCR as described above. After induction for 48 h, protein lysates were collected as described above and analyzed by Western blotting for the expression of EBNA2, ICAM1, and TRAF1.
quantitative RT-PCR. A gel analysis of a semiquantitative RT-PCR was performed to confirm and visualize this loss of LMP1 expression in TE1 cells (Fig. 6C, gels in insert) . For an important control of our approach, we verified that all the LMP1 mRNA in TE1 cells were actually synthesized from the proximal LMP1 promoter (pLMP1) studied here. Indeed, quantitative RT-PCR experiments performed with primers specific for distal TR-L1 transcription failed to amplified any transcript (data not shown). Note that the weaker decrease observed in LMP1 protein levels in PRI-pRT1-LMP1-CT cells is also found at the mRNA levels (compare Fig. 6C and D) . In agreement with these Western blot and RT-PCR results (Fig. 6) , we also obtained a similar difference in LMP1 expression reduction between TE1 and PRI cells when we measured LMP1 expression at the cell membrane by flow cytometry analysis in LMP1-CT-expressing cells (data not shown).
Thus, whatever the type of latency displayed, our data favor the existence of a positive autoregulation of LMP1 in EBVinfected cells expressing this viral protein. Moreover, this mechanism seems to be of major incidence for the expression of LMP1 during the type II latency program of EBV.
DISCUSSION
In this work, we addressed the question of LMP1 expression during the type II latency program of EBV. We demonstrated that LMP1, through its TES2 domain, can activate its own promoter (pLMP1) by inducing the JNK signaling pathway. Where indicated, the PRI-pRT1-LMP1-CT stable cell line was treated with doxycycline (2 g/ml) (ϩ Dox) to induce the expression of LMP1-CT. After induction for 48 h, protein lysates were collected as described above and analyzed by Western blotting with the S12 antibody. The open arrowhead points to full-length LMP1-CT, while the filled arrowhead indicates endogenous wild-type LMP1. The open star designates a LMP1-CT cleavage product. In the rightmost lane, 1 g of protein lysate from HEK 293 cells transfected only with the LMP1-CT expression vector was loaded to clearly localize the full-length and cleaved products of LMP1-CT. (C) Induction of LMP1-CT expression results in a disappearance of LMP1 mRNA in TE1 cells. The TE1-pRT1-LMP1-CT stable cell line was treated as described above. After induction for 48 h, LMP1-CT expression was measured by green fluorescent protein (GFP) fluorescence detection with a flow cytometer (inset), and the relative LMP1 mRNA levels were quantified by real-time RT-PCR as described above. The asterisk indicates undetectable levels of amplification. Total RNAs were also subjected to semiquantitative RT-PCR followed by electrophoresis on ethidium bromide-stained 1.5% agarose gel (insets). (D) Induction of LMP1-CT expression results in a decrease in LMP1 mRNA levels in PRI cells. The PRI-pRT1-LMP1-CT stable cell line was treated as described above. After induction for 48 h, the relative LMP1 mRNA levels were quantified by real-time RT-PCR as described above.
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Moreover, we also showed that this JNK-dependent autoactivation of LMP1 is tightly regulated, since LMP1 activation of NF-B simultaneously exerts an inhibition of pLMP1 activity. We demonstrated that these opposite effects of LMP1-induced JNK and NF-B signaling pathways on pLMP1 activity are effective in both latency programs in which EBV expresses LMP1 (i.e., type II and III), stressing the physiological relevance of this autoregulation. Overall, our results in different cell lines show that this balance is always in favor of a positive autoregulatory loop of LMP1. Moreover, we show that this loop is the major inducer of LMP1 expression in EBV-infected cells displaying a type II latency. Although several pLMP1 sites (Sp1 and CRE) and transcription factors activating LMP1 expression (Sp1, c-Jun, ATF2, ATF1, and CREB1) are potential targets of the JNK signaling pathway (1, 9, 21, 35) , the influence of this pathway on LMP1 expression had never been tested. It is particularly striking for pLMP1, since its CRE site has been shown to be very important for an EBNA2-independent induction of LMP1 expression (53) . Here, we showed that the JNK pathway was actually implicated in the activation of LMP1 expression, and more particularly, when LMP1 itself induced this signaling pathway. Furthermore, this self-activation of LMP1 was shown essential for its own expression when EBNA2 was not expressed (i.e., in type II latency cells).
We also demonstrated that LMP1 can inhibit its own expression in a NF-B-dependent manner. Indeed, whereas most of the NF-B target genes are reported to be regulated positively by this transcription factor family, a growing number of NF-B-repressed genes and their various repression processes have begun to be described (6, 18, 59) . In the present study, we found that inhibition of NF-B supported better LMP1 expression. Furthermore, this was confirmed by LMP1 promoter repression induced by p65 overexpression. The ability of p65 to inhibit target genes has also been noted in several recent publications. For example, direct binding of NF-B to DNA has been implicated in tumor necrosis factor alpha-mediated inhibition of human papillomavirus type 16 long control region (passive inhibition through squelching of coactivators) (18) and in UV-C-and daunorubicin-induced repression of antiapoptotic genes (active repression by recruitment of corepressors) (6) . Other reports suggest that NF-B can inhibit target gene expression independently of DNA binding. First, NF-B can sequester coactivators under its active form (free in nucleus) (58) and/or sequester corepressors under its inactive form (retained by IB in cytoplasm) (16) . Second, NF-B p65 can recruit repression complexes though indirect binding to target promoters (3) . In either case, the function of another transcription factor that normally regulates the target gene promoter is attenuated, resulting in a reduction in target gene expression.
In the case of LMP1 target gene regulation, few examples of NF-B-mediated repression, corresponding to some of the mechanisms described above, have already been reported. Recently, Grimm et al. demonstrated that LMP1 inhibits Bax through a direct binding of p50/p65 heterodimer on the promoter (19) . Alternatively, another NF-B-repressed target gene of LMP1, CD99, lacks a NF-B consensus sequence in its promoter, suggesting an indirect NF-B-mediated recruitment of corepressors or a squelching effect of coactivators (34) . Lack of a NF-B binding element in the LMP1 promoter suggests that DNA binding of p65 is not required for the p65-mediated inhibition of pLMP1. Furthermore, our preliminary data with an overexpressed CBP coactivator support that squelching effects would not be implicated (data not shown). Finally, the ability of trichostatin A (inhibitor of histone deacetylases, a group of corepressors) to upregulate LMP1 in many cases suggests that recruitment of corepressors, such as HDACs, may be involved (44, 48) . Altogether, these observations seem to support an indirect NF-B-mediated recruitment of HDACs to pLMP1.
Accumulating data indicate that NF-B activation antagonizes the JNK signaling cascade via induction of target genes (GADD45␤, XIAP, thioredoxin, Mn-superoxide dismutase, and FHC) whose products inhibit different activating events upstream of JNK (11, 47) . This cross talk could be an explanation for the opposite effect of JNK and NF-B pathways in LMP1 autoregulation. However, control experiments performed in HEK 293 cells showed no modification in the activity of one pathway (data not shown), while we successfully inhibited or activated the other pathway ( Fig. 3B and D and Fig. 4B and D). Therefore, this negative cross talk between NF-B and JNK signaling pathways does not seem effective in the case of an induction by LMP1, as it was already shown for interleukin 1 (IL-1) (55). Consequently, even though we cannot totally rule out the additional presence of this cross talk in physiological target cells of EBV, both activation by JNK and repression by NF-B of the LMP1 promoter would be most likely independent. Thus, further investigation is needed to precisely delineate the cis-and trans-acting factors involved in the balanced mechanisms of repression and activation that we described here.
During its type III latency program, EBV expresses all the nuclear antigens (EBNAs) and particularly EBNA2 and EBNA-LP (50). These two factors form a very potent activator/ coactivator complex to induce expression of LMP1 from its proximal promoter (45, 67) . In this context, it is worthy to note that the strong variation measured in LMP1 expression at protein and mRNA levels in PRI cells after inhibition of either the NF-B or JNK signal points out the importance of the regulation induced by each of these pathways. As exemplified by the pharmacological inhibition, the NF-B or JNK signaling pathway individually contributes to LMP1 expression during both type II and type III latencies. On the other hand, as suggested by inhibition of the whole LMP1 signaling by LMP1-CT, combined effects of NF-B and JNK signaling seem to have an predominant role in induction of LMP1 expression only during type II latency. Indeed, following the specific inhibition of LMP1 signal, LMP1 expression dropped by only 33% in cells with type III latency, whereas it was completely shut off in those displaying type II latency (Fig. 6C and D) . This is certainly due to the strong pLMP1 activation driven by EBNA2. Subsequently, LMP1 autoactivation represents only a minor part of the LMP1 expression process in type III latency. This is supported by a similar cell-specific phenomenon (independent of latency) observed concerning the induction of another LMP1 target gene, CD40. Contrary to T lymphocytes, B lymphocytes express CD40 constitutively at high levels (49) . Therefore, when LMP1 is expressed in B cells, it can overinduce only rather slightly the expression of this gene. It is actually what we measured in the B-cell line PRI when we specifically inhibited the LMP1 signal. CD40 expression dropped only by 9%, whereas this decrease reached 43% in the NC5 T-cell line (data not shown). Consequently, the minor effect of LMP1 on its own expression measured during type III latency, along with the lower levels of LMP1 detected in cells expressing type II latency, seem to reveal a difference between EBNA2-and LMP1-dependent mechanisms concerning their relative strength of pLMP1 transactivation.
Since the LMP1 gene is located immediately upstream of the LMP2B gene and is transcribed in the direction opposite that of LMP2B, the region between these two genes, where pLMP1 is located, serves as a bidirectional promoter for both LMP1 and LMP2B (32) . Therefore, we wondered whether LMP2B could also be regulated by LMP1. With an RT-PCR approach, we noted that only the PRI cell line expressed LMP2B and that there was no difference in its expression when LMP1-CT was induced or not in the PRI cells with the pRT1-LMP1-CT vector. Such a dissociation in the regulation of LMP1 and LMP2B expression was already shown in the case of an upregulation of LMP1 by IL-10 (30).
Recently, two other groups have found several lines of evidence suggesting that LMP1 could regulate its own promoter by using mechanisms different from that described here. The first proposed mechanism was a positive autoregulatory loop implicating the IL-6 cytokine (8). In their epithelial cellular models, Chen et al. have actually demonstrated that LMP1 induced cellular secretion of IL-6 which, in turn, activated STAT3 transcription factor. Furthermore, they showed that overexpression of a constitutively active STAT3 in an epithelial model of EBV type II latency enhanced the expression of LMP1, mainly by transactivating the distal LMP1 promoter located within the terminal repeats (TR-L1). Another study suggests a more direct regulatory circuit centered on the cellular transcription factor IRF7 (42). Ning et al. have clearly shown that IRF7 transactivated the LMP1 promoter without involvement of any viral factor (especially EBNA2) in B lymphocytes. Previously, Zhang et al. had already shown that LMP1 itself could induce both the transcription and phosphorylation of IRF7 (65, 66) . Furthermore, Ning et al. recently showed that a dominant-negative form of IRF7 decreased LMP1 expression in recombinant EBV-infected MDA-MB-231 cell lines expressing a type II latency profile (43) . Consequently, they have suggested the presence of a regulatory circuit where LMP1 could induce its own expression via IRF7 induction.
Even if our results cannot fully exclude them, these two mechanisms do not seem to be present and effective in our cellular models. First, it was shown that both IL-6 and IRF7 are positively regulated by LMP1 in a NF-B-dependent manner (14, 66), whereas we found here that the NF-B signaling pathway rather inhibited expression of LMP1. We previously showed that TE1 cells do not secrete detectable amounts of IL-6 in the absence of activation (39) . Furthermore, quantitative RT-PCR experiments performed with TR-L1-specific primers in these cells failed to detect any transcript expressed from this IL-6-sensitive promoter (data not shown). This strongly suggests that LMP1 is mainly expressed from its proximal promoter (pLMP1) in TE1 cells and does not favor a role for this cytokine in the expression of LMP1 in this model of EBV-infected cells displaying type II latency.
Before this study, the only known mechanism responsible for LMP1 expression in latently EBV-infected cells was dependent and centered on EBNA2. EBNA2 is a strong pLMP1 transactivator expressed only during type III latency (50, 63) . Here, we clearly demonstrated that EBV has developed at least one other way to maintain the expression of LMP1, its major oncogene. This alternative mechanism is the JNK-dependent autoactivation of LMP1 itself. We show that this mechanism is functional in both type II and III latencies. However, it allows activation of LMP1 expression only when the main activating process of LMP1 expression (i.e., pLMP1 transactivation by EBNA2) cannot be set up. Therefore, our study is the first demonstration of a mechanism sustaining LMP1 expression during the type II latency program, which is commonly found in most EBV-associated malignancies. Interestingly, it was reported that EBV strains with an intact wild-type cyclic AMP response element (CRE) in pLMP1 were significantly more frequent in individuals with Hodgkin's disease than in both infectious mononucleosis and asymptomatic EBV carriers (52) . Moreover, as already mentioned, this site binds several transcription factors, which can be activated by the JNK signaling pathway, and has been shown to be very important for an EBNA2-independent pLMP1 activation (53) . These results together with ours could suggest a pathogenic role of LMP1 autoactivation in malignant diseases where EBV expresses a type II latency program. 
